The E6 protein from high-risk human papillomavirus types interacts with and degrades several PDZ domain-containing proteins that localize to adherens junctions or tight junctions in polarized epithelial cells. We have identified the tight junction-associated multi-PDZ protein PATJ (PALS1-associated TJ protein) as a novel binding partner and degradation target of high-risk types 16 and 18 E6. PATJ functions in the assembly of the evolutionarily conserved CRB-PALS1-PATJ and Par6-aPKC-Par3 complexes and is critical for the formation of tight junctions in polarized cells. The ability of type 18 E6 full-length to bind to, and the subsequent degradation of, PATJ is dependent on its C-terminal PDZ binding motif. We demonstrate that the spliced 18 E6* protein, which lacks a C-terminal PDZ binding motif, associates with and degrades PATJ independently of full-length 18 E6. Thus, PATJ is the first binding partner that is degraded in response to both isoforms of 18 E6. The ability of E6 to utilize a non-E6AP ubiquitin ligase for the degradation of several PDZ binding partners has been suggested. We also demonstrate that 18 E6-mediated degradation of PATJ is not inhibited in cells where E6AP is silenced by shRNA. This suggests that the E6-E6AP complex is not required for the degradation of this protein target.
Human papillomaviruses (HPVs) are DNA tumor viruses that infect basal cells of the mucosal or cutaneous epithelium, where they cause proliferative lesions on genital tissues, the upper respiratory tract, and skin. Papillomas induced by highrisk mucosal HPV types, of which 16, 18, 31, and 45 are predominant, are inherently oncogenic and associated with the vast majority of cervical cancers (64) and many oral cancers (9) . In contrast, low-risk types, such as 6 and 11, are rarely associated with carcinogenesis (10) . HPV-associated carcinogenesis is attributed to the high-risk specific activities of the viral gene products E6 and E7, and introduction of these genes from HPV types 16 or 18 can induce immortalization of primary human keratinocytes (16, 35) . Studies using transgenic mice that express 16 E6 and/or 16 E7 have revealed that E7 initiates tumor formation, while E6 induces tumor promotion and progression, in the skin and cervix of transgenic animals (13, 47, 58) .
High-risk E6 proteins are multifunctional and associate with functionally diverse cellular proteins. Degradation of p53 by the E6-E6AP complex (17) is a property of high-risk E6 types, although this activity alone is not sufficient for E6-dependent immortalization activity in tissue culture or tumorigenesis in transgenic animals. For example, certain E6 mutant proteins that fail to degrade p53 retain their ability to immortalize primary cells (30, 45) . Moreover, the phenotypes of E6 transgenic mice are not observed in p53-null mice (59) .
A 4-amino-acid PDZ binding motif (X-S/T-X-V/L, where X is any amino acid) is present at the carboxy termini of all known high-risk mucosal HPV E6 proteins. The conservation of this motif among high-risk, but not low-risk, mucosal E6 types suggests the importance of PDZ domain protein interactions for E6-induced oncogenesis (24) . The PDZ binding motif is required for the transformation activity of E6 in certain established and immortalized cell lines (24, 66) and for certain stages of tumorigenesis, such as spontaneous tumor formation and the development of epithelial hyperplasia, in 16 E6 transgenic mice (38, 56) . Recently, the PDZ binding motif of E6 was shown to be required for the early stages of the life cycle of HPV type 31, specifically, for cell proliferation and maintenance of episomal genomes (26) . In cervical cancer-derived cell lines and tissues that contain high-risk HPV, the majority of HPV RNAs do not encode full-length (FL) E6 (4, 52, 55, 57) . In the context of the complete HPV type 16 and 31 genomes, several alternatively spliced E6 RNAs, designated E6*, have been detected (4, 18) . In cell lines that contain integrated HPV 18 DNA, a single spliced 18 E6 RNA, 18 E6*, and its protein product were described (51, 52) . High-risk E6, expressed ectopically, has the potential to encode either one, in the case of types 18 (52) and 31 (18) , or two, in the case of type 16 (57) , alternatively spliced isoforms. The E6* proteins are thought to negatively regulate the immortalization activities of E6 and E7 (53) . In particular, 18 E6* binds 16 E6, 18 E6, and E6AP, a ubiquitin ligase, and inhibits the 18 E6-mediated degradation of p53 (43, 44) . The gene products of 16 E6* and 18 E6* have C termini that differ from their full-length counterparts and lack the canonical PDZ binding motif. However, based on the ability of E6* to bind E6, it remains possible that this high-risk specific E6 isoform forms a complex with E6 and its PDZ binding partners.
The PDZ binding domain of high-risk E6 types mediates its interaction with seven PDZ domain-containing proteins: Dlg (24) , Scribble (36) , MUPP1 (27) , MAGI1 (11), MAGI2 and -3 (63) , and TIP-2/GIPC (6) . In general, the multiple PDZ domain proteins with which E6 interacts localize to cell junctions, where they are believed to assemble multiprotein complexes that regulate cell growth and polarity (5) . Disruption of the Drosophila melanogaster homologs of these PDZ proteins leads to loss of polarity and overgrowth of epithelial tissue (reviewed in reference 50). Additionally, reduced levels of Dlg, Scrib, and MUPP1 in human tumors is associated with increased dysplasia and invasiveness (8, 31, 37, 65) . While the tumor suppressor properties of the PDZ interaction partners of E6 suggest an intriguing link to E6-associated oncogenesis, the biological consequences of the associations between high-risk E6 types and PDZ proteins remain unclear. Similar to other high-risk specific E6 interaction partners, these PDZ proteins are targeted for degradation as a result of E6 expression in tissue culture systems (7, 11, 27, 36, 63) . However, the stability of only certain PDZ proteins is reduced in 16 E6 transgenic mice (39, 56) . These findings raise the possibilities that high-risk E6 has alternative effects on its PDZ interaction partners or that the E6 PDZ binding site contributes to the HPV life cycle and E6-associated carcinogenesis via interactions with alternative PDZ proteins.
In this study, we describe the interaction between high-risk E6 types 16 and 18 and PATJ (PALS1-associated tight junction). PATJ is the first PDZ binding partner of E6 shown to be required for the formation of tight junctions (TJ) in mammalian epithelial cells (54) . The association of PATJ with PALS1 is required for the proper TJ localization of PALS1 (49) and, in turn, the formation of two evolutionarily conserved TJ apical complexes, CRB-PALS1-PATJ and Par6-aPKC-Par3 (19) . Loss of PATJ leads to mislocalization of TJ components and overall defects in cell polarity (34, 54) . Recent evidence suggests that PATJ is a common interaction partner for PDZ binding viral oncoproteins (25) . The ability of adenovirus type 9 E4-ORF1 to cause mislocalization of PATJ correlates with its tumorigenic potential (25) . PATJ contains a series of PDZ domains and an amino-terminal L27 domain (49) , all of which are protein-protein interaction domains. PDZ domain 6 mediates its interaction with the peripheral TJ protein ZO-3 and, consequently, its trafficking to TJ (48) . Here, we report that PATJ binds to the PDZ binding site of 18 E6 via its fourth and fifth PDZ domains. We provide evidence that PATJ is a novel degradation target of both 16 E6 and 18 E6 and that E6AP is not required for 18 E6-mediated reduction of PATJ levels. The ability of 18 E6* to associate with and reduce the stability of PATJ defines a novel property of the spliced isoform of 18 E6.
MATERIALS AND METHODS

Plasmids. (i) HPV E6 plasmids.
The E6 constructs pAS2-1-18 E6, pGEX-2T-6 E6, and 18 E6 for bacterial expression of glutathione-S-transferase (GST) fusion proteins pMycL.1-6 E6 and 18 E6 were previously described (3). To clone 16 E6 into pMycL.1, 16 E6 was amplified from pAS2-1-16 E6 (3) using the primers 5Ј-GTCGACCATGCACCAAAAGAGAACTGC-3Ј and 5Ј-CAGGTCGACGG ATCCTTACAGC-3Ј and inserted between the SalI and BamHI sites of pMycL.1 The 18 E6 clones containing the V158L and ⌬ETQV mutation were created by PCR amplification from the pMycL.1-18 E6 construct with the primers 5Ј-CTG AGGAAGATCTCA-3Ј and either 5Ј-CCATGGTTATAGTTGTGTTTCTCTG CGTC-3Ј or 5Ј-CCATGGTTATCTGCGTCGTTGGAG-3Ј, respectively. The PCR products were inserted between the SalI and NcoI sites of pMycL.1. 18 E6 V158A was released from pAS2-1-18 E6 V158A by NcoI digestion, treated with Klenow, and inserted into the PmeI site of pMycL.1. pAS2-1-18 E6V158A was created by QuikChange site-directed mutagenesis (Stratagene, La Jolla, CA) using pCRII-18 E6 as template and the primers 5Ј-CGCAGAGAAACACAAG CATAATATTAAGTATCCATG-3Ј and 5Ј-CATGGATACTTAATATTATGC TTGTGTTTCTCTGCG-3Ј. The 18 E6 V158A open reading frame (ORF) was subcloned as an NcoI fragment from pCRII into pAS2-1. The 18 E6* cDNA was obtained from reverse transcription-PCR (RT-PCR) and subcloned between the SalI and NcoI sites of pMycL.1.
(ii) PATJ plasmids. A clone of pGAD10 that expressed amino acids (aa) 535 to 882 of PATJ was identified in a yeast two-hybrid screen of a human foreskin keratinocyte library (Clontech Laboratories, Mountain View, CA). A clone of the alternatively spliced isoform of PATJ encoding 1,552 aa in pCDNAII was a gift from Stephan Philipp (42) . The PATJ fragments and full-length PATJ were cloned into the Gal4 AD vector pACT2 (Clontech) as follows. The primers 5Ј-CTGTGGGAATTCAGTCAGGATGC-3Ј and 5Ј-CAACTCCATGTCGACT GAGGGATCTTG-3Ј were used to amplify a PATJ fragment encoding aa 1 to 883, which was inserted between the EcoRI and SalI sites of pACT2. A PATJ fragment encoding aa 1 to 318 was amplified by PCR using the primers 5Ј-GA GAATGGATCCAAATGCCTGAAAATCCTGCTAC-3Ј and 5Ј-CCTGACTG AATTCCCACAGTTCC-3Ј and subcloned between the BamHI and EcoRI sites of pACT2. The PATJ fragments encoding aa 535 to 887 and aa 680 to 887 were amplified by PCR with the primers 5Ј-GGGATACAACTCCATGGATGGTG AGGG-3Ј and either 5Ј-CCAGATGGGAAACCATGGTGGTCCTGATTAT G-3Ј or 5Ј-GATGGGGAATTAGCCATGGGGTCCCCTGAAGTC-3Ј, respectively, and inserted into the NcoI site of pACT 2-2. The PATJ fragments encoding aa 535 to 775 and aa 680 to 775 were amplified by PCR with the primers 5Ј-CTTCATTGAATTCCACCAAAGGCTTACAGATGCCAAGG-3Ј and either 5Ј-CCAGATGGGAAACCATGGTGGTCCTGATTATG-3Ј and 5Ј-GAT GGGGAATTAGCCATGGGGTCCCCTGAAGTC-3Ј, respectively, and inserted between the NcoI and EcoRI sites of pACT2. pACT2-aa 885-1552 was created by subcloning the NcoI-XhoI fragment of pCDNAII-PATJ into pACT2. pACT2-aa 535-1552 was created by inserting the NcoI fragment from pACT2-aa 535-887 into pACT2-aa 885-1552. pACT2-PATJ FL was obtained by subcloning the EcoRI-XhoI fragment of pCDNAII-PATJ into pACT2-aa 1-318.
For in vitro transcription and translation, PATJ was cloned in pET21d (EMD Biosciences, San Diego, CA). pET21d-aa 1-318, pET21d-aa 535-887, pET21d-aa 885-1552, and pET21d-PATJ FL were cloned as described for pACT2-aa 1-318, pACT2-aa 535-887, pACT2-aa 885-1552, and pACT2-PATJ FL.
For expression of PATJ with an N-terminal Flag epitope tag in mammalian cells, PATJ encoding the 1,552-aa isoform was cloned into pFlag-CMV-2 (Eastman Kodak, New Haven, CT). First, the EcoRI-XhoI fragment from pcDNA2-PATJ was inserted between the EcoRI and SalI sites of pFlag-CMV-2. The remaining 5Ј sequence of PATJ was amplified by PCR from pcDNA2-PATJ using the primers 5Ј-GAAGAGAATCGGCCGGAATGCCTGAAAATCCT G-3Ј and 5Ј-CCTGACTGAATTCCCACAGTTCC-3Ј and inserted between the NotI and EcoRI sites of pFlag-CMV-2-PATJ-nt 951-3Ј. The additional 3Ј sequence of PATJ encoded by the alternatively spliced isoform was subcloned in pFlag-CMV-2-PATJ aa 1 to 1552 from an IMAGE consortium EST clone (EST BG768372; ATCC, Manassas, VA) to generate pFlag-CMV-2-PATJ aa 1-1801.
(iii) Other constructs. The pSUPER plasmid was provided by David Sayah. To create the E6AP-specific shRNA expression constructs E6AP-1 and E6AP-2, the oligo pairs 5Ј-GATCCCCCCTCAGTCTGACGACATTGTTCAAGAGACAA TGTCGTCAGACTGAGGTTTTTGGAAA-3Ј/5Ј-AGCTTTTCCAAAAACCT CAGTCTGACGACATTGTCTCTTGAACAATGTCGTCAGACTGAGGGG G-3Ј and 5Ј-GATCCCCGAGCCCATCCCTGAGTCCATTCAAGAGATGGA CTCAGGGATGGGCTCTTTTTGGAAA-3Ј/5Ј-AGCTTTTCCAAAAAGAGC CCATCCCTGAGTCCATCTCTTGAATGGACTCAGGGATGGGCTCGGG-3Ј, respectively, were annealed and inserted between the BglII and HindIII sites of pSUPER (2) . pSUPER-LaminA/C was created by using the oligo pair 5Ј-G ATCCCCTGGACTTCCAGAAGAACATTCAAGAGATGTTCTTCTGGAA GTCCAAGTCAGTTTTTGGAAA-3Ј and 5Ј-AGCTTTTCCAAAAACTGGA CTTCCAGAAGAACATCTCTTGAATGTTCTTCTGGAAGTCCAGGG-3Ј. The p53 mammalian expression plasmid, pCB6-p53, was a gift from Wei Gu.
RT-PCR. Cytoplasmic RNA was collected from 293T cells transfected with empty pMycL.1 or the pMycL.1-18 E6 wild-type (WT) or splice donor (SD) constructs using the QIAGEN RNeasy mini-prep kit (Valencia, CA). For firststrand cDNA synthesis, a 10-l mixture that contained 2 g of RNA template, 2.5 mM deoxynucleoside triphosphates, and 1 l of a gene-specific primer (10 M) that binds to RNA transcribed from the pMyc vector sequence downstream of the 18 E6 insert (5Ј-GTAACCATTATAAGCTGCAATAAAC-3Ј) was incubated at 65°C for 10 min and then chilled on ice. To synthesize the first cDNA strand, the RNA-DNA mixtures with deoxynucleoside triphosphates were incu- Yeast strains and ␤-Gal assays. The Saccharomyces cerevisiae strain YGH1 was cultured and transformed as previously described (3) . To measure the production of ␤-galactosidase (␤-Gal) in the cotransformed yeast, three individual colonies from each transformation were grown to log phase. Equal amounts of yeast culture, equivalent to 1 optical density at 600 nm (OD 600 ) unit, were lysed in 50 l of Y-PER yeast protein extraction reagent (Pierce Biotechnology, Inc., Rockford, IL). The yeast lysates were centrifuged to remove cell debris. One ml of Z-buffer was added to the supernatant following centrifugation to remove cell debris, and the samples were preincubated for 5 min at 30°C. The ␤-Gal reactions were performed as previously described (3) . The units of ␤-Gal activity were calculated as follows: 1,000 ϫ OD 420 /(⌬t ϫ OD equivalent), where ⌬t is the length of time, in minutes, from the addition of o-nitrophenyl-␤-D-galactopyranoside to quenching the reaction and the OD equivalent is 1.
In vitro transcription/translation. The pET21-PATJ constructs were used as template for in vitro transcription and translation as previously described (3).
GST protein purification and GST pull-down assays. (i) GST protein purification. The GST fusion proteins were expressed in the Escherichia coli BL21 strain and purified as previously described (3). The purity and amount of the GST fusion proteins were determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Coomassie blue staining. For antibody production, the GST-PATJ peptide fusion was eluted from beads in 5 mM of reduced glutathione (Sigma). Protein concentration was then measured by the Bradford assay (Bio-Rad, Hercules, CA).
(ii) GST pull-down assays. Equivalent amounts of GST-6 E6 or GST-18 E6 fusion proteins, or GST alone, were incubated with in vitro-translated Mammalian cell culture and transfection. Human 293T fibroblasts and H1299 lung carcinoma cells were maintained as monolayer cultures in Dulbecco's modified Eagle medium (DMEM; GIBCO-BRL, Grand Island, NY) supplemented with 8% fetal clone II and 2% fetal bovine serum (HyClone, Ogden, UT), 100 U/ml penicillin, and 100 g/ml streptomycin (GIBCO-BRL) at 37°C in a 5% CO 2 atmosphere. The cervical carcinoma-derived cell lines C33A, CaSki, and HeLa were also cultured under these conditions. Twenty-four hours prior to transfection, cells were seeded into either 25-mm or 60-mm tissue culture dishes. Cells were transfected using Lipofectamine Plus in Opti-MEM medium according to the manufacturer's recommendations (Invitrogen, Carlsbad, CA). Cells were processed for analysis 48 h posttransfection. For the RNA inhibition studies in 293A or H1299 cells, the pSUPER plasmids were transfected twice, on days 1 and 4. On day 4, the PATJ and green fluorescent protein (GFP) or p53 expression plasmids and E6 constructs were cotransfected with the pSUPER plasmids. Cells were processed on day 6.
Chemicals and drugs. Mammalian cells were treated with 10 M MG132 (EMD Biosciences) from a 10 mM stock in dimethyl sulfoxide (DMSO; Sigma), or 10 M epoxomicin (EMD Biosciences) from a 1 mM stock in DMSO for 5 hours prior to harvesting.
Mammalian cell protein extraction. Confluent cell monolayers in six-well or 60-mm tissue culture dishes were washed in chilled phosphate-buffered saline and resuspended in 200 l or 400 l, respectively, of chilled RIPA lysis buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1% [wt/vol] NP-40, 0.5% [wt/vol] sodium deoxycholate, 0.1% [wt/vol] SDS, 50 mM NaF) plus Complete protease inhibitor cocktail (Roche, Indianapolis, IN) and incubated on ice for 30 min. Cell extracts were clarified by centrifugation at 22,500 ϫ g for 15 min at 4°C in a high-speed refrigerated microcentrifuge. Total protein concentration was measured using the Bio-Rad protein assay. A 5ϫ stock of SDS LB was added to the samples to a final concentration of 1ϫ prior to boiling for 5 min and analysis by SDS-PAGE.
Pulse-chase assay. Cells were transfected in sets of four 60-mm dishes for each cotransfection. Each dish was chased for a different period of time. After 48 h, cells were washed three times in modified DMEM lacking methionine and cysteine (GIBCO-BRL). Prior to metabolic labeling, cells were incubated in this starvation medium supplemented with 10% dialyzed calf serum for 30 min.
Medium was then replaced with starvation medium containing 10% dialyzed calf serum and a total of 300 Ci/ml of a [
35 S]methionine and [ 35 S]cysteine mixture (ICN, Irvine, CA). Cells were labeled for 45 min. After the labeling period, all dishes were washed three times in normal DMEM with 10% FBS without label, incubated at 37°C in DMEM 10% FBS for the indicated times, and then rinsed in chilled phosphate-buffered saline. Cells were lysed in 400 l of chilled RIPA lysis buffer plus Complete protease inhibitor cocktail. Cell extracts were clarified by centrifugation at 22,500 ϫ g for 15 min in a refrigerated microcentrifuge. Equal amounts of radiolabeled protein, based on trichloroacetic acid-precipitable counts, were incubated with Flag or Myc affinity matrix. Following extensive washing, the immunoprecipitated complexes were boiled off the affinity matrix, subjected to SDS-PAGE, and visualized by autoradiography.
Immunoprecipitation. The anti-Flag M2 agarose matrix (Sigma) and anti-Myc agarose matrix (Sigma) were washed and resuspended in RIPA lysis buffer to make a 50% slurry. One hundred l of the 50% slurry was incubated overnight by rotating at 4°C with equal amounts of total protein for the coimmunoprecipitation experiment or equal amounts of incorporated radioactivity for the pulse-chase assay. The proteins bound to the Flag or Myc affinity matrix were washed three to four times for 5 min each with 1 ml RIPA lysis buffer plus Complete protease inhibitor. For the coimmunoprecipitation experiment, proteins that remained bound were eluted off the beads by rotating overnight at 4°C with 50 l of 150 g/ml Flag peptide (Sigma) in RIPA buffer. The eluates were boiled in 1ϫ SDS LB for 5 min and subjected to SDS-PAGE. For the pulse-chase assay, 35 S-labeled proteins that remained bound were boiled off the beads in 2ϫ SDS LB.
Antibodies. (i) Antibodies to PATJ. A fusion protein consisting of GST fused to the N terminus of a PATJ peptide encompassing aa 509 to 1181 served as the antigen for production of antibodies to PATJ in rabbits (Cocalico Biologicals, Inc., Reamstown, PA). Antibodies to PATJ were purified from the exsanguinated bleed on a PATJ affinity column containing PATJ peptide aa 509 to 1181 bound to cyanogen bromide (CNBr)-activated Sepharose 4B beads (GE Healthcare, Piscataway, NJ).
(ii) Other antibodies. Antibody to Flag was purchased from Stratagene (no. 200471; La Jolla, CA). Santa Cruz Biotechnology supplied the mouse monoclonal antibody to Myc (clone 9E10), p53 (clone DO1), and Dlg (2D11). Mouse monoclonal antibodies to E6AP (clone E6AP-330) and actin (clone AC-74) were purchased from Sigma. Mouse anti-GFP was purchased from Invitrogen (Carlsbad, CA). Goat anti-mouse and goat anti-rabbit antibodies conjugated to horseradish peroxidase were purchased from Kierkegaard and Perry Laboratories (Gaithersburg, MD).
RESULTS
Interaction of PATJ peptides with 18 E6 in the yeast twohybrid system. A yeast two-hybrid screen for proteins that interact with high-risk type 18 E6 identified a fragment of PATJ encoding aa 535 to 887. This region spans PDZ domains 4 and 5 of PATJ. PATJ sequence was not identified from a similar screen using low-risk type 6 E6 as bait. To confirm the 18 E6 interaction with PATJ, an alternatively spliced isoform of FL PATJ that encodes 1,552 amino acids and eight PDZ domains (42) and a series of PATJ peptides that encompass different PDZ domains were tested (Fig. 1A) . Expression of the PATJ peptides was demonstrated by Western blotting (not shown). The ability of FL PATJ and PATJ peptides to interact with 18 E6 is summarized in Fig. 1A . The N-terminal peptide aa 1-883 that spans the L27 domain and PDZ domains 1 to 5 scored positive for interaction with 18 E6 (Fig. 1B) . The ability of the smaller peptide aa 1-318 to interact with 18 E6 could not be determined in this system because it transactivated the reporter gene in the absence of 18 E6. The C-terminal fragment aa 535-1552, encompassing PDZ domains 4 to 8, interacted with 18 E6. However, a C-terminal peptide (aa 885-1552) that lacks PDZ domains 4 and 5 mediated only low levels of reporter activity in the presence of 18 E6. The ability of the peptide aa 535-887 to interact with 18 E6 reinforces the association of18 E6 with PDZ domains 4 and 5 of PATJ. Both peptides aa 535-775, containing PDZ 4 and only part of PDZ 5, and aa 680-887, containing only PDZ 5, associated with 18 E6, demonstrating that PDZ 4 and PDZ 5 are each able to interact. A peptide (aa 680-775) that lacks the complete PDZ 5 domain failed to interact. This deletion analysis did not exclude the possibility that 18 E6 also binds PDZ domains 1, 2, and 3 of PATJ.
In vitro binding of PATJ to GST-18 E6. To determine if full-length PATJ binds specifically to high-risk E6 and to confirm the region of PATJ that mediates binding, GST pull-down assays were performed. PATJ cDNAs encoding aa 1 to 1552, 1 to 318, 535 to 887, and 885 to 1552 were incubated in a coupled transcription and translation reaction in the presence of [ 35 S]methionine. The amount and purity of the GST, GST-6 E6, and GST-18 E6 proteins were determined by staining with Coomassie brilliant blue (Fig. 2C) . 35 S-labeled PATJ FL was incubated with purified GST or equal amounts of GST-6 E6 or GST-18 E6 bound to glutathione beads in the presence of 50 mM KCl (Fig. 2A) . The complexes were washed in binding buffer containing increasing concentrations of KCl. The background level of PATJ bound to GST was below the limit of detection. The amount bound to GST-6 E6 was negligible compared to GST alone and reduced from 3% to 1% by washing at increased salt concentrations. In contrast, the PATJ-GST-18 E6 complexes were stable at all salt concentrations tested, and approximately 50% remained bound to GST-18 E6 at 250 mM salt. Thus, the interaction between PATJ and E6 is stable and specific to high-risk 18 E6. Truncated, 35 S-labeled PATJ polypeptides were incubated with either GST or GST-18 E6, and the bound complexes were washed with 50 mM KCl. Only 1% of [
35 S]peptide aa 1-318 remained bound to GST-18 E6, excluding the possibility that PDZ domains 1 and 2 bind to 18 E6. In agreement with the yeast two-hybrid data (Fig. 2B) , a peptide containing aa 535 to 887 bound to 18 E6, while the C-terminal peptide containing aa 885 to 1552 did not. This GST pull-down assay confirms the results of the yeast two-hybrid analyses and provides biochemical evidence for the association of 18 E6 with PDZ 4 and 5 of PATJ.
In vivo association of Flag-PATJ with E6 and PDZ binding site mutant E6 proteins. The E6 interaction with PATJ in vivo was addressed by coimmunoprecipitation experiments. 293T 35 S-labeled fragments of PATJ encompassing aa 1 to 318, 535 to 887, and 885 to 1552 were incubated with either GST or GST-18 E6. The complexes were incubated and washed in 50 mM KCl. The percentage of each fragment that bound to GST and GST-18 E6 was determined as described for panel A. (C) GST, GST-6 E6, and GST-18 E6 proteins used in the pull-down experiment were resolved by SDS-PAGE and visualized by staining with Coomassie brilliant blue. Arrows identify the bands representing GST and GST-6 E6 or GST-18 E6. (Fig. 3A) . The transfected cells were treated with MG132, a proteasome inhibitor, for 5 h prior to lysis to stabilize Flag-PATJ levels because, as presented in Fig. 5 , below, the accumulation of Flag-PATJ is reduced by types 16 and 18 E6. Despite proteasome inhibition, lower levels of Flag-PATJ accumulated in cells with 16 E6 and 18 E6 WT than in those without E6 or with 6 E6 (Fig. 3A) . The reduced accumulation of Flag-PATJ in these samples resulted in lower levels of Flag-PATJ bound to the Flag affinity beads (Fig. 3B) (Fig. 4A) . We confirmed that 18 E6 RNA expressed from the Myc-tagged 18 E6 WT construct is internally spliced by performing RT-PCR on total RNA extracted from 293T cells transiently transfected with 18 E6 WT or SD constructs. The 5Ј primer bound to the Myc vector, and the 3Ј primer bound to the junction between 18 E6 and the Myc vector. A PCR using Myc-18 E6 WT plasmid DNA as template was included as a size standard for unspliced 18 E6 cDNA (Fig. 4B ). An RT-PCR product the same size as the 18 E6 PCR amplimer, corresponding to an unspliced cDNA of approximately 500 bp, was obtained from cells transfected with the 18 E6 SD expression construct (Fig. 4B) . However, in cells transfected with 18 E6 WT DNA a 300-bp RT-PCR product predominated, suggesting the presence of the spliced product (Fig. 4B) . DNA sequence analysis of this product confirmed that the 18 E6 intron was removed. The failure to detect the larger RT-PCR product from cells transfected with 18 E6 WT could result from less efficient amplification of the larger 18 E6 cDNA or the presence of lower levels of full-length 18 E6 RNA. To determine if Flag-PATJ associates with 18 E6* in the presence and absence of 18 E6 FL, 293T cells were cotransfected with plasmids expressing Flag-PATJ and a Myc-tag vector or Myc-tagged E6 constructs expressing 18 E6 WT, SD, or 18 E6*. After treatment with MG132 for 5 h to enhance PATJ accumulation, cells were lysed. The levels of Flag-PATJ were comparable in the presence of the different species of E6 (Fig.  4C) . Although Myc-18 E6 WT expressed predominantly Myc-18 E6*, low levels of Myc-18 E6 FL were detected. Myc-18 E6 SD and 18E6* expressed only the full-length and * proteins, respectively. In agreement with prior findings, 18 E6 FL interacts with Flag-PATJ (Fig. 4D) . 18 E6* also coimmunoprecipitated with Flag-PATJ in cell lysates that contained low levels of 18 E6 FL. Moreover, when only 18 E6* was expressed, it associated with Flag-PATJ, revealing that the association between Flag-PATJ and 18 E6* does not require 18 E6 FL as a bridge molecule. This result was surprising, considering that the unique carboxy terminus of 18 E6* lacks a classical PDZ binding motif. Instead, the association between 18 E6* and Flag-PATJ appears to be mediated through other (6, 7, 11, 27, 36, 63 ). The steady-state level of Flag-PATJ was examined in the presence of 16 E6 and 18 E6 with either a WT or mutated PDZ binding site. Because we found that 18 E6* associates with Flag-PATJ, the effect of this protein on the accumulation of Flag-PATJ was also tested. 293T cells were cotransfected with the Flag-PATJ expression plasmid, a Myctag vector, or the various Myc-tagged E6 expression constructs and a GFP expression plasmid as a control for plasmid DNA uptake. Equal amounts of total protein from cell lysates were subjected to Western blot analysis with the indicated antibodies. The steady-state level of Flag-PATJ was reduced in the presence of 16 E6 and 18 E6 FL by 99% and 80%, respectively (Fig. 5) . The effects of the 18 E6 mutant proteins on the level of Flag-PATJ correlated with their ability to bind Flag-PATJ (Fig. 3B) . The V158L mutation reduced the ability of 18 E6 to bind to and reduce the level of Flag-PATJ, and the V158A and ⌬ETQV mutant proteins failed to bind to or reduce the level of Flag-PATJ. This correlation demonstrates that, for 18 E6 FL, the PDZ binding site-mediated interaction with Flag-PATJ is required to reduce the level of Flag-PATJ. Similar to 18 E6 FL, 18 E6* reduced the level of Flag-PATJ by 72%. Immunoblot assays using antibody to actin and GFP confirmed that comparable amounts of total protein were loaded, and the cells took up the same amounts of DNA.
Half-life of Flag-PATJ in the presence of low-risk E6, highrisk E6, and 18 E6*. Pulse-chase experiments were performed to confirm that the E6-dependent decrease of Flag-PATJ resulted from reduced protein stability. 293T cells transiently expressing Flag-PATJ with or without Myc-6 E6, 16 E6, 18 E6 FL, or 18 E6* were metabolically labeled and chased for the indicated times (Fig. 6A, top panel) . Flag-PATJ is a stable protein that decayed only slightly after 24 h and 48 h (not shown) in the absence of E6. The stability of Flag-PATJ was not affected in the presence of ]Flag-PATJ revealed that 93% remained after 24 h in the absence E6 and 81% remained after 24 h in the presence of 6 E6. In contrast, less PATJ remained after 6 h in the presence of 16 E6, 18 E6 FL, and 18 E6* than after 24 h in the absence of E6. The half-life of [ 35 S]Flag-PATJ was reduced to between 12 and 24 h in the presence of 16 E6, 18 E6 FL, or 18 E6*. Therefore, the stability of PATJ is reduced in the presence of these E6 forms. To confirm the presence of Myc-E6 in the samples, equal amounts of total protein were subjected to Western blot analysis with antibody to Myc. Between the 0-and 12-h time points, the levels of the different Myc-tagged E6 proteins were similar (Fig. 6A, middle  panel) . The reduced level of E6 at 24 h is probably from decreased cell viability. Analysis of actin levels confirmed that similar amounts of total protein were loaded (Fig. 6A, bottom panel) . We also examined the half-life of 18 E6*, because its stability, unlike 18 E6 FL, is not known. Considering that 6 E6 (23) and 18 E6 FL (61) are relatively unstable proteins, data from earlier time points were collected from the pulse-chase experiments described above. As expected, the decay rates of 6 E6 FL and 18 E6 were rapid (Fig. 6B) . Quantification of the levels of 35 S-labeled Myc-6 E6 and 18 E6 FL revealed that only 50% of each remained after 1 h. The half-life of Myc-18 E6* was approximately 6 h. Thus, 18 E6* is more stable than 18 E6 FL.
Requirement of E6AP for 18 E6-dependent reduction of Flag-PATJ. We wished to determine if the ubiquitin ligase E6AP is involved in the degradation of PATJ by 18 E6. Many binding partners of E6, including the PDZ proteins Dlg and Scrib, are stimulated for degradation by the E6-E6AP complex (1, 33, 36) . However, data indicate that high-risk E6 can also mediate degradation of the PDZ targets Dlg and MAGI-1, -2, and -3 in the absence of E6AP (14, 46) . To determine if E6AP is required for the E6-dependent destabilization of Flag-PATJ, expression of E6AP was inhibited by E6AP-specific shRNA. pSUPER plasmids expressing E6AP-specific shRNA molecules E6AP-1 or E6AP-2, lamin A/C shRNA (41) as a nonspecific control, or empty pSUPER plasmid were introduced into 293T cells. Cells were cotransfected with the Flag-PATJ expression plasmid, with or without the Myc-18 E6 SD construct and, to monitor transfection efficiency, a GFP expression plasmid. Western blots of lysates were probed with antibody to E6AP to determine if the E6AP targeting constructs diminished the level of E6AP. In the absence of 18 E6, pSUPER plasmids expressing E6AP-1 or -2 shRNA reduced the level of E6AP by 34% and 5%, respectively (Fig. 7A) . In the presence of E6, the basal level of E6AP was reduced, suggesting that 18 E6, like 16 E6, decreases E6AP stability (22) . It is conceivable that because of differences in the synthesis of E6AP in the presence of Myc-18 E6, the levels of E6AP were more susceptible to E6AP shRNA. In cells cotransfected with the Myc-18 E6 SD construct, the E6AP-1 or -2 targeting constructs reduced the accumulation of E6AP by 70% and 23%, respectively, compared to the corresponding cotransfection with empty pSUPER. Analysis of Western blot assays of these lysates demonstrated that Flag-PATJ was degraded when Myc-18 E6 FL was expressed in the presence of control and E6AP-targeting pSUPER plasmids. Thus, the 70% reduction of the E6AP level did not affect 18 E6-dependent reduction of Flag-PATJ. Western blotting with antibodies to actin and GFP confirmed that comparable amounts of cell and exogenously Equal amounts of trichloroacetic acid-precipitable counts were bound to Flag affinity beads. The captured complexes were washed and resolved by SDS-PAGE. 35 S-labeled Flag-PATJ was visualized by autoradiography and is identified by the arrow (top panel). The percent remaining 35 S-Flag-PATJ at each chase time point, shown below each lane, was normalized to the relative background intensity in the lane. Quantifications were performed using ImageJ. The expression level of the Myc-tagged E6 types was determined after equal amounts of protein from whole-cell lysates were resolved by SDS-PAGE and immunoblotted with antibody to the Myc epitope (middle panel). Equal loading was confirmed by analyzing the levels of actin (bottom panel). (B) The half-life of the Myc-tagged E6 proteins was determined as for Flag-PATJ, except that earlier time points were analyzed and equal amounts of total extracted protein were incubated with Myc affinity beads. 35 S-labeled Myc-6 E6, 18 E6 FL, or 18 E6* is identified by the arrows. The level of the 35 S-labeled Myc-E6 proteins that remained at the different times was quantified using ImageJ.
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at COLUMBIA UNIVERSITY on March 28, 2007 jvi.asm.org expressed proteins were loaded. 18 E6-mediated reduction of p53 in the presence of the pSUPER targeting constructs was tested to confirm that E6AP activity was dampened in cells treated with shRNAs. The experiment could not be performed in 293T cells, because the resident adenoviral proteins and simian virus 40 (SV40) T-antigen result in high levels of stabilized p53. Instead, a p53 expression plasmid was introduced into p53-null H1299 cells with or without the Myc-18 E6 SD construct and the control or E6AP targeting constructs. In the absence of 18 E6, expression of E6AP-1 or -2 shRNA reduced the level of E6AP by 68% and 21%, respectively (Fig. 7B ). In the presence of 18 E6, the level of E6AP was similarly reduced by E6AP-1 or -2 by 48% and 15%, respectively, compared to the corresponding cotransfection with the lamin-targeting construct. In the presence of 18 E6 and lamin shRNA, the accumulation of p53 was reduced by 76%. Both of the E6AP-targeting constructs decreased the level of 18 E6-mediated degradation of p53. E6AP-1 was more effective than E6AP-2 in reducing E6AP levels, and it completely inhibited 18 E6-mediated degradation of p53. The E6AP-targeting constructs interfered with 18 E6-mediated degradation of p53, despite their incomplete reduction of E6AP. This indicates that residual E6AP is not available for 18 E6-mediated substrate degradation. Thus, the E6AP-specific shRNAs extinguish functionality of the E6-E6AP complex. Effect of proteasome inhibition on PATJ, Dlg, and p53 accumulation in cervical cancer-derived cell lines. The reduced stability of Flag-PATJ in the presence of types 16 and 18 E6 and 18 E6* led us to ask what the levels of endogenous PATJ are in cell lines derived from cervical cancers. CaSki and HeLa cells continually express 16 and 18 E6, respectively. C33A cells are derived from HPV-negative cervical cancer tissue. These cell lines were treated for 6 h with the proteasome inhibitors MG132 or epoxomicin or DMSO alone prior to lysis. Equal amounts of protein from these treated cells were analyzed by Western blotting with antibody to PATJ, Dlg, p53, and actin. The levels of p53 are high in C33A cells, as reported, and increased by approximately twofold after treatment with proteasome inhibitors (Fig. 8) . The levels of PATJ and the PDZ target Dlg are not altered in response to the inhibitors in C33A cells. In contrast, the levels of both PATJ and Dlg are increased approximately twofold in CaSki cells. Moreover, the level of p53 increases dramatically in CaSki cells. Thus, PATJ, Dlg, and p53 are regulated by the proteasome in an HPV 16 ϩ cell line. In HeLa cells, treatment with proteasome inhibitors had a modest effect on the level of p53 and no effect on the levels of PATJ and Dlg. This phenomenon was previously reported for other PDZ interaction partners of E6: Dlg, Scribble, and MUPP1 were stabilized significantly in CaSki cells, but not HeLa cells, following proteasome inhibition (32). On day 4, the same amount of pSUPER constructs and 0.5 g of Flag-PATJ expression plasmid, 0.125 g of GFP expression plasmid, and 1.5 g of empty Myc vector or Myc-18 E6 SD construct were introduced into these same cells. Cells were harvested on day 6. Equal amounts of protein were analyzed with antibodies to E6AP, the Flag and Myc epitopes, actin, and GFP. Arrows identify E6AP, Flag-PATJ, Myc-E6 FL, actin, and GFP. The levels of E6AP and Flag-PATJ, shown below the images, were quantified using ImageJ and normalized to the corresponding levels of actin. (B) The effect of E6AP silencing on 18 E6-dependent p53 reduction was determined as described for panel A, except that H1299 cells were used and cells were cotransfected with p53 instead of Flag-PATJ, expression plasmid, empty Myc vector, or Myc-18 E6 SD, and lamin A/C, E6AP-1 or E6AP-2 targeting constructs. Cell lysates were probed with antibodies to E6AP, p53, the Myc epitope, and actin. Arrows identify E6AP, p53, Myc-E6 FL, and actin. ϩ CaSki, and HPV 18 ϩ HeLa cells were grown to confluence and incubated with medium containing DMSO alone (D), MG132 (M), or epoxomicin (E) at 10 g/ml final concentration. Cells were incubated with proteasome inhibitors for 6 hours before lysis in RIPA buffer. Seventy g of C33A protein, 28 g of CaSki protein, and 111 g of HeLa protein were analyzed by Western blotting using antibodies to PATJ (described in Materials and Methods), Dlg, p53, and actin. The levels of PATJ, Dlg, and p53 were quantified using ImageJ and normalized to the level of actin. The difference in PATJ, Dlg, and p53 levels, shown below each lane, was determined based on their levels in the corresponding DMSO-treated cell.
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DISCUSSION
In this study, we describe the association of high-risk types 16 and 18 E6 with the tight junction-associated protein PATJ. The interaction was identified in a yeast two-hybrid screen and verified by GST pull-down and coimmunoprecipitation assays. Similar to the interaction between E6 and other PDZ proteins, the interaction with PATJ is specific for high-risk types 16 and 18 E6. In the context of full-length 18 E6, expressed from a gene with a splice donor site mutation, the C-terminal PDZ binding motif is required for binding to PATJ. PATJ shares certain properties with the known PDZ binding partners of E6, such as its multiple PDZ domains (49) , and membrane localization upon the formation of cell-cell contacts (28) . While MUPP1 (27) and MAGI-1 (11) localize to tight junctions, only PATJ is known to be required for the localization of TJ plaque proteins and overall cell polarity (34, 54) . The localization and functions of PATJ at TJ are likely to depend on its protein associations. Through analysis of peptide fragments of PATJ in the yeast two-hybrid system and GST pull-down assays, the region of PATJ that interacts with 18 E6 was mapped to PDZ domains 4 and 5. Because this region of PATJ is distinct from those that mediate its associations with PALS1 (49), ZO-3, and Claudin-1 (48), we predict that association with 18 E6 is unlikely to interfere directly with binding of the known cellular interaction partners of PATJ.
We have provided evidence that PATJ is a novel degradation substrate of high-risk types 16 and 18 E6. The reduction in the steady-state level of PATJ in the presence of full-length E6 is dependent on the PDZ binding motif of 18 E6. Pulse-chase assays revealed that PATJ is a stable protein that was reduced by less than 10% after 24 h. While low-risk 6 E6 did not reduce the stability of PATJ, the half-life of PATJ was decreased to between 12 and 24 h in the presence of 16 E6 and 18 E6 FL. Because the abundance of tight junction proteins is thought to be directly related to junction tightness (reviewed in reference 12) and a reduction of PATJ leads to loss of its associated TJ complexes (54), the decrease in PATJ level in the presence of high-risk E6 is predicted to reduce TJ function. Endogenous PATJ, like Dlg and p53, was stabilized by treatment with proteasome inhibitors in an HPV 16 ϩ (CaSki) cervical cancerderived cell line. The levels of PATJ, Dlg, and p53 were not significantly altered by proteasome inhibition in an HPV Together, these data suggest that these PDZ proteins are regulated by the proteasome in cervical cancer-derived cell lines that harbor high-risk E6 but that certain cell lines, like HeLa cells, have acquired differences that affect the stability of 18 E6 degradation targets.
The E6-dependent degradation of Dlg (46) and MAGI-1, -2, and -3 was suggested to occur independently of the ubiquitin ligase E6AP (14, 60) . We found that shRNA-mediated silencing of E6AP did not interfere with 18 E6-dependent degradation of PATJ. The ability of the E6AP-specific shRNAs to rescue p53 from 18 E6-dependent degradation demonstrated that the function of the E6-E6AP heterodimer was inhibited. These findings point to the association of E6 with a non-E6AP ubiquitin ligase for the destruction of PATJ and possibly other degradation targets.
The findings presented here reveal that 18 E6* associates with PATJ to effect its degradation. The majority of high-risk HPV RNAs in cervical lesions and cell lines contain spliced E6 (4, 55) . 18 E6* is the only E6 spliced product detected in HPV 18 ϩ cervical cancer-derived cell lines (52) , and its protein product is present in cervical carcinomas grown in nude mice (51) . Our pulse-chase analysis shows that 18 E6* is stable relative to the full-length E6 species. The only described function of 18 E6* is the negative regulation of E6-dependent p53 degradation. This activity of 18 E6* is probably responsible for its antiproliferative effect in HPV 16 ϩ and 18 ϩ cervical carcinoma-derived cells (43, 44) . Considering that 18 E6* lacks a C-terminal PDZ binding motif and has a unique 14-amino-acid C terminus, we predict that a cellular protein bridges the in vivo association between 18 E6* and Flag-PATJ. Alternatively, a direct interaction between 18 E6* and PATJ could occur and involve a different region of 18 E6* and, possibly, PATJ. Based on the recently solved partial structure of 16 E6, it is suggested that the E6* structure resembles that of the N terminus of full-length E6 (40) . Thus, if the 18 E6* interaction with PATJ is direct, we hypothesize that it is not mediated by the N terminus, which is predicted to resemble that of 18 E6, but rather sequence within its unique C terminus. It would be of considerable interest to perform in vitro interaction assays to determine if 18 E6* and PATJ interact directly. Similar to 18 E6 FL, 18 E6* reduced the accumulation and stability of PATJ. It will be of interest to determine if this form of 18 E6 affects the stability of other PDZ binding partners of FL highrisk E6 types. Overexpression of 18 E6* in HPV 16 ϩ cells did not affect the membrane localization of Dlg and Scribble (15) , suggesting that E6* does not affect an identical set of PDZ proteins as E6 FL. This prediction explains the requirement for the C-terminal PDZ binding site in FL E6 for the proliferation of HPV 31-transfected keratinocytes (26) and the transformation activity of 16 E6 (24) and 18 E6 (66). The identification of spliced isoforms of 16 E6 (4, 57) and 31 E6 (18) raises the possibility that their putative protein products similarly regulate PATJ levels.
In summary, PATJ, an evolutionarily conserved polarity determinant, is a new member of the class of PDZ proteins whose interaction with E6 could contribute to the life cycle and carcinogenesis of high-risk HPV types. Our data demonstrate that PATJ is degraded by E6 and may thus be an important target of E6. It remains speculative how the regulation of PATJ by E6 could affect the cell. A link between PATJ and control of cell signaling and cell growth is suggested by the finding that PATJ is required for assembly and maintenance of the TJ-associated complex Par6-aPKC-Par3 (34, 54) . This complex regulates the kinase activity of aPKC and the Cdc42 GTPase (21, 29) . Highrisk E6 binds to the adherens junction (AJ)-localized PDZ proteins Dlg (24) and Scribble (36) . They have been proposed to act as negative regulators of the cell cycle (20, 62) and may thereby alter cell growth control. MUPP1 is a paralog of PATJ, based on its sequence homology and its ability to bind PALS1 (49) . The apparent functional redundancy between PATJ and MUPP1, like Dlg and Scrib, suggests that E6 associates with these proteins to effectively ablate the functions of the same or similar membrane-associated complexes. In both Drosophila and mammalian cells, an interplay between the AJ complex involving Dlg and Scribble and the TJ complex involving PATJ and MUPP1 regulates the segregation of apical and basolateral membrane compartments during cell polarization (reviewed in reference 50). As a result, mutations in the Drosophila homologs of both AJ and TJ components exhibit phenotypes that are less severe than individual defects. It is thus tempting to speculate that E6 targets PDZ proteins to disrupt cell growth control but, because it affects both AJ-and TJ-associated PDZ proteins, it does not necessarily prevent the epithelial differentiation necessary to complete the HPV life cycle.
